This work presents a numerical approach to simulate the behaviour of steel fibre reinforced concrete, FRC. The adopted strategy comprises three main steps: i) assessing the fibre pullout behaviour; ii) generation of "virtual" fibre structures and iii) modelling FRC as a two-phase material. The concrete phase is simulated with a smeared crack model, while the fibre's positioning and orientation correspond to the fibre phase and are obtained from step ii. Finally, the fibre reinforcement mechanisms are modelled with the micromechanical behaviour laws obtained in step i. The agreement between the numerical and experimental results revealed the high predictive performance of the developed numerical strategy.
Introduction 1
Within steel fibre reinforced concrete, SFRC, steel fibres and matrix are 2 bonded together through a weak interface. This interface behaviour is im- composites, when reinforced with low fibre volume ratios, the fibre contri-8 bution benefits arise mainly, not to say almost exclusively, after the crack 9 initiation.
10
The post-cracking behaviour of random discontinuous fibre reinforced 11 brittle-matrix composites can be predicted by the use of a stress -crack 12 opening displacement relationship, σ − w. In the case of SFRC, the σ − w 13 relationship can be approximated by averaging the contributions of the indi-14 vidual fibres bridging the matrix crack plane [1] [2] [3] [4] . One difficulty concerning 15 the prediction of the post-cracking behaviour of SFRC in a real structure 16 is that the material behaviour in a test specimen may differ from the be-17 haviour of a real structural element. It is well described in literature that 18 various casting procedures and structural shapes may result in predominant 19 fibre orientation into parallel planes [5, 6] . In the case of steel fibre reinforced 20 self-compacting concrete, SFRSCC, the predominant fibre orientation can be 21 along the flow itself (in the fresh state) and along the boundary surfaces due 22 to the wall effect [7] [8] [9] . The fibre orientation near the walls of a structural 23 element is not representative of the material, but of a structure [5] . A prede- however with a random fibre orientation.
28
Having in mind this brief introduction of the principal aspects and fac- three distinct types of crack modes can be considered ( Fig. 1(b) ). 
with,
where D crco is the constitutive matrix of the cracked concrete.
163
The D cr matrix of the present model does not account for the shear- defined by:
where c 1 = 3.0 and c 2 = 6.93, for plain concrete. The ultimate crack normal 170 strain, ε cr n,ult , is computed from:
where f ct , G f and l b are the tensile strength, fracture energy and crack band 172 width, respectively, whereas k is a constant computed from:
The Mode I stiffness modulus, D cr n , comprised in the D cr matrix is deter-
The shear fracture modes II and III stiffness modulus, respectively, D 
where G c and β are, respectively, the elastic shear modulus and the shear 178 retention factor. A linear softening constitutive law is used to model the shear 179 degradation of the concrete with the increase of the crack normal strain:
Fibre structure modelling

181
In the present approach, the fibre structure that represents, with a certain is the need to insert this "fibre mesh" into the solid three-dimensional mesh 187 that models the plain concrete.
188
In the present work, since it is assumed that the embedded elements (rep- 
In order to obtain the embedded element's point
tersects the solid element, Eq. 17 is solved by the Newton-Raphson method.
206
Whenever this method fails to converge the bisection method is used. There- [10]. Fig. 3 depicts the procedure adopted to obtain the σ f − ε f relationship,
230
where ε f , l b and s are, respectively, the embedded fibre strain, the crack band 231 width and the steel fibre's slip; σ f is the ratio between the pullout force, P ,
232
and the fibre's cross-sectional area, A f .
233
The trilinear σ f − ε f diagram used to model the fibres including the bond
234
-slip effect was obtained by fitting the experimental pullout load-slip curves.
235
For each fibre inclination angle, α, an average pullout load-slip curve was 
247
The tensile stress -strain law assigned to an embedded fibre depends The element stiffness matrix representing a concrete bulk reinforced with 260 fibres can be expressed as:
where
and n f are, respectively, the concrete element stiffness ma-262 trix, the stiffness matrix of the i th fibre that is embodied into the concrete 263 mother-element, and the total number of embodied fibres in the concrete 264 element. The concrete element stiffness matrix is given by:
where D crco is the cracked concrete's constitutive matrix (determined from 
268
The axial contribution of the fibre reinforcement to the stiffness matrix 
with, 
The stiffness matrix is obtained by substituting ε f = T 
Hence, the component of the stiffness matrix with the fibre's axial contribu-285 tion is given by:
In a similar way, the components of the fibre stiffness matrix with the shear 287 contribution is given by:
where G is the fibre's elastic shear modulus, and T 
292
The equivalent nodal forces vector, q e , is computed from: 
Numerical simulations 303
The model performance is appraised by simulating uniaxial tensile tests the fibres crossing the crack surface was computed as:.
where N f is the total number of fibres that intersect the crack plane and i.e. maximum load divided per fractured area, is smaller than the value of 370 the tensile strength used in the local material law for concrete (see Table 1 ).
371
This is due to the stress concentrations that arise at the notch tip. Thus,
372
when the concrete's tensile strength is attained near the notch tip, for the 373 maximum load capacity of the specimen, the overall tensile stress computed 374 from averaging the tensile load with the net cross section at the notch will be 375 smaller than the concrete's tensile strength defined as a material property.
376
After the coalescence of micro-cracking into a macro-crack, the tensile 
Three-point bending tests
406
The sketch of the finite element mesh used to model the concrete matrix 407 phase in the prismatic specimens for both Cf30 and Cf45 series is included 408 in Fig. 9(a) . On the other hand, Fig. 9 (b) provides a three-dimensional view 
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